Magnetorheological (MR) materials are a class of materials whose mechanical and electrical properties can be reversible controlled by the magnetic field. In this study, we pioneered research on the effect of a uniform magnetic field with different strengths and directions on the microwave-absorbing properties of magnetorheological elastomers (MREs), in which the ferromagnetic particles are flower-like carbonyl iron powders (CIPs) prepared by an in situ reduction method. The electromagnetic (EM) absorbing properties of the composites have been analyzed by vector network analysis with the coaxial reflection/transmission technique. Under the magnetic field, the columnar or chainlike structures were formed, which allows EM waves to penetrate. Meanwhile, stronger Debye dipolar relaxation and attenuation constant have been obtained when changing the direction of the applied magnetic field. Compared with untreated MREs, not only have the minimum reflection loss (RL) and the effective absorption bandwidth (below −20 dB) greatly increased, the frequencies of the absorbing peaks shift about 15%. This suggests that MREs are a magnetic-field-sensitive electromagnetic wave-absorbing material and have great potential in applications such as in anti-radar camouflage, due to the fact that radar can continuously conduct detection at many electromagnetic frequencies, while the MR materials can adjust the microwave-absorption peak according to the radar frequency.
Introduction
In recent years, microwave circuit devices have been widely used in the field of commerce, industry and the military. Serious electromagnetic interference (EMI) problems have emerged and have become a big issue in both military and civil applications [1, 2] . The electromagnetic (EM) radiation pollution and EM interference not only influence the normal work of electronic devices, but threatens the health of human beings [3, 4] . And radar recognition is currently one of the most effective and constantly developing methods of collecting battlefield information [5, 6] . Thus, in order to reduce EM interference and prevent the detection and identification of objects on the battlefield, extensive study has been devoted to exploiting efficient microwave-absorption materials [7] [8] [9] , which can absorb undesired microwaves effectively and convert EM energy into thermal energy or other types of energy [10] . Metallic magnetic material is a superior absorbent, which is widely accepted due to its high saturation magnetization, higher frequency of Snoke's limit, and high relative permeability at radar wave frequency [11] . In order to get user-oriented, simple-to-use EM absorbents with strong absorption, and wider absorbing bandwidth, the microwave properties of various metallic magnetic-materialbased structures synthesized by chemical methods have been researched [12] [13] [14] . However, once an absorbent with a particular structure was added to the matrix, the microwaveabsorbing characteristics of the absorber would be fixed, unless the thickness is changed [15] . However, in actual application, it is difficult to change the absorbing properties of the absorber by varying the thickness. In other words, an absorber is only able to absorb a specific frequency. While in some cases, especially in the military application of anti-radar camouflage and stealth, the frequency that needs to be absorbed is varied, because the radar recognition can run continuously at many EM frequencies [5, 16] . Therefore, it is necessary to look for a radar-absorbing material (RAM) whose microwave-absorption performance, especially absorption frequencies, could been changed by a simple method.
It is noteworthy that the metallic magnetic material has good magnetic properties. A series of magnetoreheological (MR) materials has been fabricated by adding ferromagnetic particles to a polymer matrix or liquid carrier [17, 18] . Compared to the traditional materials, the physical properties of such materials are not only enhanced, but it can be changed by applying magnetic fields [19] . To date, the mechanical properties of those MR materials under the influence of external magnetic fields have been comprehensively studied and improved [20] [21] [22] . Thus, in recent years, the electrical properties of these composite materials have attracted considerable attention [23] [24] [25] [26] . Yu et al [23] and Bica et al [24] have studied the electric resistance characteristics of the MR gel and elastomer, respectively. And the resistance of both decrease with the increase of the magnetic field. Semisalova et al [25] reported the effect of a uniform magnetic field on the permittivity of magnetoreheological elastomers (MREs): when an applied field was perpendicular to the testing capacitor plates, a strong increase in the permittivity (magnetodielectric effect) can be observed. In addition, reversible magnetically induced anisotropy of electric permittivity was observed in the PDMS MR gel [26] . Similar results have been reported in other research.
The results mentioned above indicate that the electrical properties of MR materials can be controlled by magnetic field, while the microwave-absorption capabilities of the absorber is decided by the complex permeability and permittivity at a given frequency and layer thickness [27] [28] [29] . In other words, applying magnetic field is an ideal way to conveniently adjust the microwave-absorption performance of MR materials. To the best of our knowledge, the studies on the magnet-controlled microwave-absorption properties of MR materials have never been reported. In this paper, we report on an MR material having magnetic-field-sensitive electromagnetic wave-absorbing characteristics. Due to its ability to adjust the wave-absorption performance according to the frequency of the radar detection, this absorber has a great potential in applications such as the anti-radar-absorbing layer and camouflage net. In short, MR material camouflage may effectively prevent the radar detection and identification of objects, due to the fact that the radar cross-section (RCS) of the object to be hidden can be reduced by applying MR materials on the outer surfaces of the object.
Carbonyl iron powder (CIP) not only has high saturation magnetization value, which is 200 emu g −1 higher than that of cobalt and nickel [30] , but a good absorbing effect [31] . In previous work, we have confirmed that the flower-like CIP, which was formed by an in situ reduction method is conducive to forming a discontinuous network, enhancing diffuse scattering of the incident microwave, and polarizing more interface charges, resulting in a better microwave-absorbing effect than CIP [12] . Therefore, the flower-like CIP was chosen as the metallic magnetic particles in this study. At the scene of the absorbing test, it is not convenient to apply magnetic field to the absorber in real time. To this end, the MREs are tested as an MR absorber, because it is a solid at room temperature, and by applying a magnetic field in the polymer matrix curing stage, the influence of the magnetic field on the internal structure of the MRE absorber can be fixed. Polyurethane (PU) is suitable as the matrix of the MRE absorber, because its curing degree can be easily changed by adjusting the reaction ratio [23] . And the MRE absorbers under external magnetic fields with different strength and direction have been obtained. Microwave-absorbing characteristics of these samples were tested by the coaxial reflection/transmission technique. The influence of different strength and direction of external magnetic fields on the MRE absorbers were studied and analyzed.
Experimental

Materials
The CIP (Type: EW) was purchased from the BASF corporation with the particle size distribution d50 = 3-4 μm. Ferrous sulfate heptahydrate (FeSO 4 .7H 2 O), sodium borohydride (NaBH 4 ), Polyvinylpyrrolidone (PVP), hydrochloric acid (HCl) and absolute ethyl alcohol were purchased from Tianjin Kemiou Chemical Reagent Co. Ltd, China. Diphenylmethane diisocyanate (MDI: 4,4-≈ 50%, 2,4-≈ 50%) and castor oil (CO) were provided by Yantai Wanhua Polyurethanes Co. Ltd, China and Sinopharm Chemical Reagent Co. Ltd, China, respectively. They were used as the main raw materials for the preparation of the MRE absorbers without further purification, and all the chemicals were of analytical grade.
Synthesis of flower-like CIP
The flower-like CIP was synthesized according to our previous report [12] . The principle is to reduce Fe 2+ ion with excessive sodium borohydride in aqueous solution, which contains CIP, with an in situ reduction method. Typically, before the start of the preparation, 1.5 g CIP is pickled by hydrochloric acid (HCl) solution at a concentration of 0.01 mol l −1 and washed repeatedly with deionized water. Then, 4.5396 g NaBH 4 is dissolved in 200 ml deionized water and stirred with a magnetic stirrer. At the same time, 2.78 g FeSO 4 .7H 2 O, 3.25 g PVP and the CIP are mixed in 400 ml deionized water and stirred intensively with an electric mixer for 1 h. Hereafter, the mixed solution which contains CIP and NaBH 4 solution slowly dropped into the chemical plating reaction tank. The reaction system is kept gently stirred and the temperature is maintained at 30°C for 45 min. Finally, the flower-like CIP is collected by a magnet and repeated washing with alcohol. After being dried in a vacuum drying oven for 8 h, the target particles are obtained.
Preparation of MRE absorber samples
There were three main steps in the preparation of the MRE absorber samples. First, the CO was distilled at 110°C in a vacuum drying oven for about 30 min. The, the flower-like CIP was added and the mixture was stirred in a beaker for about 10 min. Second, after MDI was injected into the mixture, the beaker was put into a water bath with a temperature of 80°C and stirred for about 45 min. At last, the mixture was packed into an aluminum mold with a thickness of 2.68 mm and cured under magnetic field with different strength and direction.
According to the intensity and direction of the applied magnetic field the samples were divided into two groups (see table 1 ). It should be noted that the PU mainly comprised CO and MDI. The mass ratio of CO and MDI in the MRE absorbers is set at 4:1. The schematic diagram of the curing MRE absorber samples under uniform magnetic field is shown in figure 1 . When applying different intensity of magnetic field, the aluminum mold is perpendicular to the magnetic field (parallel to the horizontal direction). While, as shown in figure 1(b) , an angle has been set between the aluminum mold and horizontal direction. This is equivalent to applying a magnetic field with different directions to the absorber sample.
Characterization
The microstructure pictures of the CIP, flower-like CIP and MRE absorbers were taken on a TESCAN MIRA3 FEG scanning electron microscope (SEM) at an accelerating voltage of 20 kV. The crystal structure of the CIP and flower-like CIP were determined using x-ray powder diffraction patterns (XRD) with a Cu Kα radiation. The magnetic properties (M −H curve) of the CIP and flower-like CIP were obtained at room temperature with a vibrating sample magnetometer (VSM Lake Shore 7407).
Microwave-absorption property measurements
For the purpose of microwave-absorption property measurements, the MRE absorbers have been cut into toroidal-shape (F : out 7.0 mm, F : in 3.04 mm, thickness: 2.68 mm) by a homemade slicer. With the help of the coaxial-line method, the complex permittivity e r e e e = ¢ - j r ( )and permeability m r m m m = ¢ - j r ( ) of samples are studied using an Agilent N5234A vector network analyzer with an accessory of Agilent coaxial transmission airline (85 055-60 001) in the frequency range of 2-18 GHz. Based on the tested data of complex permittivity and permeability, the reflection loss (RL) was calculated at a given frequency and thickness according to the following equations [32] : 
where Z 0 is the intrinsic impedance of free space, Z in is the input impedance of the absorber, c is the velocity of the electromagnetic wave in air, f is the frequency of the electromagnetic wave, and d is the thickness of the absorber.
Results and discussion
The flower-like CIP is fabricated through an in situ reduction method. Figure 2 illustrates the synthetic procedure. As shown in figure 2(a), when mixed, NaBH 4 solution and 4 Then, the nanoscale Fe nuclei will be carried by the H 2 bubbles, and congregate on the surface of the CIP when the H 2 bubbles come into contact with it. After the layers of aggregation, the flower-like CIP is formed ( figure 2(d) ). In addition, slow gentle stirring is beneficial to the contacting of the CIP and H 2 bubbles containing the iron particles.
The morphology of the obtained flower-like CIP and CIP is taken using an SEM. As shown in figures 3(a), (b), compared with the CIP where the surface is relatively smooth with a typical spherical structure, the morphology of the flowerlike CIP has been greatly changed by the iron nanoflakes, into globular flowers. To further investigate the prepared flowerlike CIP and CIP, XRD patterns are employed. As shown in figure 3 (c), their peaks are located at 2θ = 44.79, 66.28, and 82.42°, corresponding to the (110), (200), and (211) planes, and which have a good match to the body-centered cubic (bcc) Fe crystal (JCPDS card no. 06-0696). In addition, the preferred growth orientation of the flower-like CIP along with the [110] direction and morphology of the iron nanoflakes is independent, and due to its relative intensity of the (110) peak increases drastically. In this paper, the microwave-absorbing properties of the MRE absorbers under the effect of magnetic field would be investigated. Therefore, the magnetic properties of the obtained flower-like CIP and CIP have been tested with a VSM. Figure 3(d) exhibits the hysteresis loops of the flower-like CIP and CIP investigated by sweeping the external magnetic flux density between -1.7-1.7 T at room temperature. There was no obvious remanent magnetization (M r ) or coercivity (H c ) observed in the magnetization curve of the flower-like CIP, which suggests a superparamagnetic character [33] . Although compared to the CIP, the saturated mass magnetization (M s ) value of the flower-like CIP decreased. However, 194 emu g −1 can still be achieved. Hence, based on the analysis of the VSM, it is concluded that the obtained flower-like CIP can satisfy the requirements of the experiment in this research.
Effect of magnetic field intensity
It is known that flower-like CIP has good magnetic properties whose saturation magnetization value can reach up to 200 emu g −1 . Thus, when the MRE absorbers obtain a critical density of the magnetic field, the flower-like CIP will selfassemble into columnar or chainlike structure, because a strong interaction among them was formed to rearrange the particles (see figure 4) [23] . Simultaneously, the nearby chainlike structures will merge to form thicker columnar structures with the increase in the magnetic field, and a schematic diagram of the influence of the magnetic field on rearranging particle structures is shown in figure 4(d) . The effect of the magnetic field on the internal structure of the MRE absorber is bound to change its electromagnetic parameters. And, in comparison with spherical CIP, the gap between the particles caused by the nanoplatelets on the surface of the flower-like CIP is conducive to the formation of a discontinuous network, which can improve the impedancematching characteristics and help EM waves to penetrate composites. Figure 5 shows the complex permittivity and permeability measured for the first group (prepared under vertical magnetic field of 0, 200, 400 mT) in the range of 2-18 GHz. As shown in figure 5(a) , the real part of complex permittivity (e¢) of samples in the first group decreased with increasing magnetic field. This indicates a higher polarization is occurring in the 0 mT sample. Since the e¢ is relative to the polarization of a material [1] , the higher polarization in the 0 mT sample is probably caused by the fact that the columnar or chainlike structure of the CIP in the 200 and 400 mT sample decreases their electric polarization. Basically, the same values and change trend of the imaginary parts of complex permittivity (e) in the first group of samples can been seen in figure 5(b) . It is clear that there were multi-peaks on the e curve of the three samples, showing a nonlinearresonance behavior [34, 35] . These phenomena originate mainly from the integrated action of the flower-like CIP, the interactions between the flower-like CIP and the dielectric polyurethane matrix [36, 37] .
The real part (m¢) and imaginary part (m) of the relative complex permeability for the first group of samples are presented as a function of frequency in figures 4(c) and (d). From figure 5(c) , for the 0, 200, and 400 mT MRE samples, it reveals that the values of m¢ declined from 1.64-1.15, 1.57-1.14 and 1.49-1.10 in the range of 2-18 GHz, respectively. In figure 5(d) , it was found that there are multi-peaks in the m values, which indicate resonance behavior [36] . While natural resonance usually occurs at a low frequency, other resonances could be caused by exchange resonances at high frequency [38] . Generally, in the microwave frequency band, the magnetic loss is mainly related to domain-wall displacement, magnetic hysteresis, eddy-current loss, natural resonance and exchange resonance [12] . However, domain-wall displacement loss often occurs in the 1-100 MHz range and only occurs in multi-domain magnetic materials [39] . Hysteresis comes from irreversible magnetization and is commonly negligible in weakly applied field [40] . Eddy-current loss is correlated to the electrical conductivity s and the diameter of absorbent particlesd, which can be approximately described as [41] : ( ) decrease gradually with the increase in frequency accompanied by some fluctuation ( figure 6) . Thus, the effect of the eddy current can be precluded. According to the above analysis, the microwave magnetic loss in the samples is mainly from the natural resonance and the exchange resonance.
The theoretical RL of the 0, 200, and 400 mT MRE absorbers at a thickness of 2.68 mm was calculated using the formula (2), as shown in figure 7 . It can be seen that the magnetic field has a great influence on the RL of the MRE absorbers and the main parameters of microwave-absorption properties are summarized in table 2. The lowest RL values have not changed much, and are −25.877 dB (0 mT), −25.866 dB (200 mT) and −26.817 dB (400 mT), respectively. But the frequencies corresponding to the lowest RL values of the absorption peaks are 8.035 GHz (0 mT), 8.875 GHz (200 mT) and 8.980 GHz (400 mT), respectively. It can be seen that as we begin to apply a magnetic field and increase its strength, the microwave-absorbing peaks of the absorbers shift to higher frequencies. When the magnetic field increased from 0-200 mT, the frequencies of microwaveabsorbing peaks increases by 10.46%. This can be explained by the fact that magnetic field changes the position of the flower-like CIP to form a columnar or chainlike structure ( figure 4) . Thus, the internal structure of the MRE absorbers has been changed, resulting in a shift of the microwaveabsorbing peaks. In addition, as the magnetic field increased from 200-400 mT, the incremental decrease in the frequencies of the microwave-absorbing peaks is caused by the decrease in the rearrangement magnitude of the flower-like CIP with the increase in the magnetic field.
In the EM absorber applications, the width of the RL values less than −20 dB (corresponding to 99% of microwave absorption) needs to be as wide as possible [42] . The effective absorption bandwidths (below −20 dB) of the 0, 200, and 400 mT MRE absorbers are 2.760 GHz (7.047-9.807 GHz), 2.723 GHz (7.345-10.068 GHz) and 3.889 GHz (7.462-11.351 GHz), respectively. It is worth mentioning that, compared with the 0 mT sample, the effective absorption bandwidth (below −20 dB) of 400 mT extends by more than 40%. This may be caused by the density of the columnar or chainlike structures as shown in figure 4(c) . Within those structures, lots of flower-like CIPs connect with each other and can form a discontinuous network and make it possible for EM waves to penetrate the MRE absorbers. Then, the energy of the incident EM waves will be induced into a dissipative micro-current and exhausted until they disappear completely in the discontinuous network, which produces conduction loss [43] . Compared to 0 mT, the 400 mT sample not only moves the microwave-absorbing peaks (from 8.035-8.980 GHz), but extends the effective absorption bandwidth of below −20 dB (from 2.760-3.889 GHz). This ( ) for the 0, 200, and 400 mT MRE absorbers in the frequency range 2-18 GHz. Figure 7 . RL curves of the 0, 200, and 400 mT MRE absorbers at a thickness of 2.68 mm. indicates that it is a feasible way to change the microwaveabsorption performance of the MR absorber by adjusting the magnetic field strength. Figure 8 gives the complex permittivity and permeability tested for the second group (prepared under different magnetic field angle, i.e. 0°, 30°, 60°, 90°) in the range of 2-18 GHz. As shown in figure 8(a) , in the range of 2-18 GHz, the values of e¢ are in the range of 7.38-6.77, 8.07-7.12, and 7.96-6.71 for the 30°, 60°and 90°samples, respectively, and are higher than the 0°sample, which is in the range of 6.79-5.80. For the 0°, 30°, 60°and 90°samples, the values of e are almost the same in the frequency range of 2-10 GHz and increase with the increment of the angle in the range of 10-18 GHz, as presented in figure 8(b) . Since the imaginary permittivity (e) and imaginary permeability (m) are connected with energy dissipation of electric and magnetic [34] , it can be concluded that changing the angle of the applied magnetic field helps to improve the dielectric loss of the MRE absorbers, and with the increase in the angle the dielectric loss is increased. From figures 8(c) and (d), it can be seen that the real part (m¢) and imaginary part (m) of the relative complex permeability for the second group of samples have almost the same values and similar trends. In addition, as previously analyzed, the multi-peaks in the m curves are related to the resonance behavior. As shown in figure 9 , the theoretical RL of the 0°, 30°, 60°and 90°samples with a thickness of 2.68 mm have been calculated by formula (2) and the main microwave-absorption parameters of those samples are summarized in table 3. It can be seen that the microwave-absorbing peaks shift towards lower frequencies. Meanwhile, as the magnetic field direction varied from 0°-90°, the frequencies of the microwaveabsorbing peaks decrease by 13.75%. This shows that the MRE absorbers could be conveniently applied to different absorption frequency ranges by changing the direction of the applied magnetic field. (90°:6.030-9.690 GHz), respectively. Those data show that, by adjusting the direction of the applied magnetic field, the electromagnetic wave-absorbing ability of the MRE absorbers has been greatly enhanced. It is known that Debye dipolar relaxation is an important mechanism to account for the dielectric loss [1, 36, 38] . Thus, the Debye dielectric relaxation model (Cole-Cole model) has been adopted to further interpret the mechanism of dielectric loss in samples of the second group of MRE absorbers. It is known that the relative complex permittivity can be expressed by the following equation [44] [45] [46] According to equation (6) , the curve of e e  ¢ versus would be a single semicircle and generally denoted as the Cole-Cole semicircle [47] . Besides, each semicircle corresponds to one Debye relaxation process [48] . Figure 10 exhibits the e e ¢ - curves for the MRE absorbers under a magnetic field of 200 mT with different direction of 0°, 30°, 60°and 90°. Six Cole-Cole semicircles were found for the 0°sample. While eight, ten and seven Cole-Cole semicircles have been found for the 30°, 60°and 90°samples, respectively. This not only indicated the existence of a Debye relaxation process in the MRE absorbers, but implied that the process could be enhanced by adjusting the direction of the applied magnetic field. Since the Debye relaxation process can help to enhance dielectric properties for the absorber [1, 36] , compared to the 0°sample, the microwave-absorbing ability of samples of 30°, 60°and 90°a re improved. And having the largest number of Cole-Cole semicircles may be part of the reason that the 60°sample has the best optimal RL value. The relaxation processes of the MRE absorbers are likely to be caused by a delay in interfacial polarization with respect to an alternating EM field. The existence of interfaces between the flower-like CIP and the matrix, and between the flower-like CIPs gives rise to interfacial polarization or the Maxwell-Wagner effect in the MRE absorbers [49, 50] . This polarization occurring at the interfaces is caused by the migration of charge carriers through different phases of the MRE absorbers, which leads to charge accumulation at the interfaces and the formation of a large number of dipoles on particles or clusters [51] . In addition, the Cole-Cole semicircle is obviously distorted, indicating that besides the Debye relaxation, other mechanisms such as dipolar polarization, electron polarization, conductance loss and oxygen defects also exist in MRE absorbers [52, 53] .
Effect of magnetic field direction
According to transmission line theory, high electromagnetic attenuation is an important factor which contributes to excellent EM wave-absorption capabilities of the absorber [34] . The attenuation constant α standing for the EM attenuation in the interior of the absorber is described as follows [54] Figure 11 shows the relationship between attenuation constant α and frequency, which is calculated by formula (7). Compared with the 0°sample, the 30°, 60°and 90°samples hold higher values in almost all of the tested frequency range. Therefore, it can be seen that the 30°, 60°and 90°samples exhibit better absorbing performance than the 0°sample. Through the analysis above, it is reasonable to believe that the microwave-absorption properties of the second group of samples are mainly influenced by the Debye dipolar relaxation and attenuation constant α. And the best optimal RL value of the 60°sample is achieved by the collective effects of Figure 9 . RL curves of the MRE absorbers with the applied magnetic field angle of 0°, 30°, 60°and 90°at a thickness of 2.68 mm. the high attenuation constant α and maximum number of Cole-Cole semicircles.
Conclusion
In summary, our experimental results demonstrate that the magnetic field with different strength and direction can significantly enhance the microwave-absorbing performance of the MR materials (MREs which are fabricated by dispersing flower-like CIP in polyurethane matrix in this study). The microwave-absorbing peaks of the MRE absorbers have been moved towards a higher frequency of 10.46% and the effective absorption bandwidth (below −20 dB) extends by more than 40% when the magnetic field is increased from 0-400 mT. In the process of varying the magnetic field (0°-90°), not only did the frequencies of the microwave-absorbing peaks reduce by 13.75%, the value of the minimum RL decreased by 45.78% (−25.866 dB for the 0°sample; −37.708 dB for the 60°sample). In this paper, to facilitate testing, the absorbing properties affected by the magnetic field in real time were simulated by applying a magnetic field in the polyurethane matrix curing stage, and the re-arrangements of ferromagnetic particle structure caused by the magnetic field was fixed in the composites. However, after changing the curing degree of the polyurethane matrix to the gel state or another gel matrix, the ferromagnetic particles in MR material will have reversible magnetically induced movement and re-arrangements, and achieve realtime controlled absorbing performance of the composite by magnetic field.
The magnet-controlled microwave-absorbing feature of MR materials has great potential in applications such as antiradar camouflage for military activities which require the efficient hiding of objects. By moving the absorption peak according to the radar detection frequency, the MR material coating can maximize the reduction of the RCS of the hidden object.
